Abstract: Recent studies show that compressed sensing (CS) can recover sparse signal with much fewer measurements than traditional Nyquist theorem. From another point of view, it provides a new idea for super-resolution imaging, like the emergence of single pixel camera. However, traditional methods implemented measurement matrix by digital mirror device (DMD) or spatial light modulator, which is a serial imaging process and makes the method inefficient. In this paper, we propose a super resolution imaging system based on parallel compressed sensing. The proposed method first measures the transmission matrix of the scattering sheet and then recover high resolution objects by "two-step phase shift" technology and CS reconstruction algorithm. Unlike traditional methods, the proposed method realizes parallel measurement matrix by a simple scattering sheet. Parallel means that charge-coupled device camera can obtain enough measurements at once instead of changing the patterns on the DMD repeatedly. Simulations and experimental results show the effectiveness of the proposed method.
Introduction
In most imaging applications, images with high spatial resolution are always required. For example, infrared imaging, medical imaging and THz imaging et al. In normal conditions, the common way to improve the spatial resolution is to increase the number of pixels per unit area by reducing their physics size [1] . However, due to the existence of diffraction limit and limited by manufacturing craft, the physics size of pixels cannot be very small. Besides, smaller pixels detect less light (same exposure time), which will also degrade the image quality. Thus, it is necessary to find a new mechanism to improve the spatial resolution of the image, and this issue is often called super resolution imaging (SRI). The purpose of SRI is to acquire higher resolution image by limited-pixel imaging device. Generally speaking, SRI can be divided into two categories. The first one is often referred reconstruction-based method, and reconstruction-based method can be further divided into multiple-frame SR and single-frame SR. Multiple-frame SR methods typically obtain one HR image through multiple low resolution (LR) images, and sub-pixel shifts are always required in these methods [2] - [4] . For example, R.C. Hardie et al. achieved HR image using a sequence of LR images, and a maximum a posteriori (MAP) framework for jointly estimating image registration was also presented [4] . However, sub-pixel shifts always requires additional hardware equipment, such as motion stage, which increases the complexity of the system. Single-frame SR methods obtain HR image from only current frame. For example, interpolation-based method [5] , learning-based method [6] , [7] . Another way to obtain HR image is to improve the imaging system. In 2006, the emergence of compressed sensing (CS) provided a new idea for SRI [8] , [9] . CS suggests that images are supposed to be compressible in a certain domain and can be exactly recovered by significantly fewer measurements under certain conditions [10] , [11] . The team of Rice university developed a single pixel camera which reconstructed HR images by only a single photodiode [12] . In the method, DMD is used to implement measurement matrix. However, DMD just acts as one row of the measurement matrix, thus, during the whole imaging process, DMD will be changed many times. For example, for a 30 × 30 image, if the sampling rate is 30%, then DMD will be changed 270 times, which means the process is a serial imaging process and the process is time-consuming. In 2010, Popoff and Gigan et al. measured the transmission matrix (TM) of a complex medium in optics and the results showed that the distribution of the matrix was close to Gaussian [13] . This makes it possible to use complex medium as the measurement matrix under the framework of compressive imaging. In 2014, the author adopted the nature randomness of wave propagation through multiply scattering media as an optimal and instantaneous compressive imaging mechanism realizing compressive imaging based on scattering medium [14] .
In this paper, we propose a parallel compressive sensing super resolution imaging system. Parallel means that we can get enough measurement values at once instead of changing DMD repeatedly. The same as reference [14] , the proposed method also use scattering medium as the measurement matrix, but the difference is that we use a simple scattering sheet instead of complicated compacted zinc oxide powder. Besides, we use a set of lens to make reflected light (from SLM) through the scattering sheet instead of micro-lenses, which makes our system simpler. In the reconstruction stage, we propose a "two-step phase shift" technology to recover real targets, which shorten the acquisition time. Simulations and Experiments results show the feasibility of the proposed method. Note, the concept of "super resolution" in this manuscript means that we can use less sampling points to recover high dimension image, just like single pixel camera.
The rest of paper is organized as follows. Section 2 makes a detailed description about proposed system.
The way how to measure the TM and the way how to reconstruct HR image are illustrated in Section 2.1 and Section 2.2, respectively. Section 3 shows the simulation and experimental results. Section 4 concludes the paper.
The Overview of the Proposed Method
The single pixel camera can obtain an object image by only one photodiode, which realizes the CS based super resolution imaging firstly. The architecture of single pixel camera is basically an optical computer that computes random linear measurements of the scene under view, as shown in Fig. 1(a) . Although single pixel camera achieves super resolution imaging, however, the method still come with some limitations. First, to achieve randomization, a carefully engineered hardware DMD is needed. Second, during the imaging process, a large number of random patterns need to be generated and further projected on the DMD, which means that the method is a serial imaging way and the acquisition time can be large.
In this work, we propose a parallel CS super resolution imaging method, as shown in Fig. 1(b) . The purpose of the method is to reconstruct an HR image by fewer sampling points. Namely, we can reconstruct an image that the spatial resolution is higher than the CCD camera. Unlike single pixel camera, we use scattering sheet to implement measurement matrix instead of DMD, and each pixel on the CCD camera represents the inner product of the object and measurement matrix. As long as the transmission matrix of the scattering sheet can be used for CS reconstruction, we can get multiple measurements at once, which greatly improves the imaging efficiency. In essence, scattering medium acts as a highly efficient analog multiplexer for light, with an inputoutput response characterized by its transmission coefficients. SLM acts as the input object that contains N pixels. After multiply scattering, light is collected by the CCD camera.
We carry out the input and output light discretization, establishing the relationship between input complex amplitude and output complex amplitude by following equation, as shown in Fig. 1(c) .
where E n i n and E m out represent the input and output light with complex amplitude, m and n means the number of pixels of the camera and object. In our proposed super resolution method, m < n, for example, in Fig. 1 (c), m = 2, n = 4. The sampling rate can be represented as m/n.k mn is the complex transmission coefficient of the scattering sheet under current system, representing the contribution of the input field E n i n onto the output field E m out . From (1) we can see that in order to reconstruct input object, we need to obtain the TM k mn . Fig. 2 shows the setup of the proposed method. The light is collimated and then projected onto the SLM. Some of light is modulated by SLM, called modulated part, and other part is not modulated, called reference part. The grating determines the ratio of the reference light and modulated light. Modulated part and reference part are focused on the scattering medium and they are all scattered by scattering sheet. Finally, the interference information is recorder by CCD camera. The setup can be used not only to measure the TM, but also to reconstruct the HR image.
Measure the TM of the System
In this work, scattering sheet is used to achieve randomization. However, compared with the patterns on the DMD, the TM of scattering sheet is unknown, thus, we have to get the TM of the scattering sheet first. Equation (1) has described the relationship between input complex amplitude and output complex amplitude. However, CCD camera can only measure the intensity of the light, which makes it impossible to measure the TM directly. To solve this problem, we adopt a method named "four step phase shift" [15] . If the phase of incident light (modulated part) is shifted by a constant value α, then the intensity of m th output pixel is given by , respectively, the intensities in the m th output channel for α = 0, π/2, π and 3π/2, then, we can find the relationship between intensity and complex amplitude
From (3) we can see that the most direct way to obtain k mn is to open the pixels on SLM one by one. However, there exists two limitations. The first one is that commercial SLMs cannot simultaneously achieve amplitude and phase adjustment, and the second one is that the light in CCD is too weak, whose reduce the signal to noise ratio (SNR). Thus, in our proposed method, we choose the Hadamard basis as the input basis, which elements are either +1 or −1 in amplitude. It can be achieved by loading different phase factors in modulated part and it also maximizes the intensities in CCD. Thus, (3) can be represented as matrix form
where
, . . . ,
, S is a diagonal matrix, and
and K is the matrix of the transmission coefficient,
E is the input Hadamard basis which own the elements {E
Assume the complex amplitude before modulation is A e i θ , where A is the amplitude and θ is phase. The modulation factor of SLM can be represented as e i φ n . Thus, when φ n = 0, the modulated light by SLM becomes A e i θ e i 0 = A e i θ , and when φ n = π, the modulated light becomes A e i θ e i π = −A e i θ . Thus, (4) can be further represented as following equation when the input is Hadamard basis.
Where H n is the Hadamard basis which has the elements {+1, −1}. According to the orthogonality of the Hadamard basis, then (5) can be represented
Where H T n is the transpose of H n , I is identity matrix. Then, we can get a TM which includes incident light and reference light information, named K .
As the system does not change in the reconstruction phase, and the reference light still existed in the system, thus, we needn't remove the influence of reference light and incident light. We regard K as the final TM and it will be used in the reconstruction phase. Besides, in order to acquire the results of "four step phase shift"P , we load the phase factors α = 0, π/2, π and 3π/2 on the reference light. We can see from (8) and (9) that loading phase factors on modulated light or reference light will have the same intensities results.
Where represents real part.
HR Image Reconstruction Based on "Two
Step Phase Shift" In the part 2.1, we have obtained the TM of system, and the next step is to reconstruct HR image by the TM and CCD camera. The measurement of TM and HR image reconstruction are two different process, and the measurement of TM can be considered as an off-line work. Here, the HR image is a phase object which generated by SLM. TM describes the relationship between input complex amplitude and output complex amplitude, and it is a complex matrix. However, CCD camera can only measure the intensity of the light, thus, the HR image cannot be reconstructed directly by CS recovery algorithm. We propose a "two-step phase shift" technology that can convert the problem to traditional CS recovery issue. Equation (4) gives the relationship between intensities and input complex amplitude, we regard E as the input object, and E can be further represented as
Where M is the modulation matrix of SLM and M = {e i φ 1 , e i φ 2 , . . . e i φ n }. In the part 2.1, M is set as Hadamard basis which has the elements {+1, −1}. In this part, M is used to generate sparse phase object. First, we build a n × 1 phase vector 0 = {φ 1 , φ 2 . . . φ n } as the reference, and all the elements in 0 are set as 0. Thus, M 0 = {1, 1, . . . 1}, corresponding, we can get an intensity matrix P 0 . Next, object vector 1 = {φ 1 , φ 2 · · · φ n } is build, and the elements in 1 are set as {0 or π}, thus, M = {1 or − 1} and also we can get another intensity matrix P 1 . The above process can be expressed as following equations
Then, the virtual input phase object can be regarded as M = M 0 − M 1 .Thanks to the linearity of the optical propagation, the difference P = P 0 − P 1 corresponds to the sparse phase object M . Then, we can get the following equation
Then, (13) . . .
. . .
is a real matrix. Thus, (14) . . .
Equation (15) is a standard CS expression, the left side of the equation are the measured values and the right side of the equation are the measurement matrix and the object to be reconstructed. We can see that the object M own n pixels. Measurement matrix is the real part of the K and own the size of m × n, which we have already obtained in the part 2.1. CCD camera is used to record intensities and further generate them to measured values by phase shift technology. Thus, the proposed super resolution reconstruction process is to obtain HR phase image that with n pixels by m measurements, where m/n represents the sampling rates. From (15) we can see that if we choose real part of the (14) to reconstruct HR phase image M , then we only need to change the phase of reference light by 0 and π. Or if we choose imaginary part to reconstruct HR phase image, we only need to change the phase of reference light by π/2 and 3π/2. Thus, we can convert the complex recovery problem to traditional CS reconstruction issue by the proposed "two-step phase shift" technology. Once the measured values and measurement matrix are known, the HR phase object can be reconstructed by OMP [16] or TVAL3 [17] algorithms. The flow chart of the "two step phase shift" technology is shown in Fig. 3 .
The phase object is first projected onto the SLM with the reference light is modulated by 0π. Time delay modules guarantee the synchronization of the system. In our system, delay time is set to 10 milliseconds. The red arrow represents the first step of the method and the phase of reference light is modulated by 0π. The green arrow represents the second step, and the phase is modulated by π. Note, if we choose imaginary part of the (14) to reconstruct HR image, then the phase of Fig. 3 . The flow chart of the "two step phase shift" technology. reference is modulated by 3π/2 and π/2, respectively. Whether we choose real or imaginary part of the (14), we will obtain the same HR image.
Simulation and Experimental Results
In this section, we analyze the feasibility of the super resolution imaging method by numerical simulations and experiments. The experimental setup consists a laser at 532 nm (Laserwave LWGL), a reflection type SLM with cell size 6.4 μm(AOE TECH, RSLM-2K55-P), a scattering sheet (DG05-120-MD), a CCD camera (PointGray GS3-U3-14S5M-C). We merge the pixels of SLM to form a 32 × 32 blocks, thus, n = 1024. We select 400 pixels from the CCD camera randomly, then obtain a TM with the size of 400 × 1024, the sampling rate is 39%. The real part and imaginary part is shown in Fig. 4 . The theory of CS requires that the columns of the measurement matrix are irrelevant. Table 1 shows the coherence of the measured TM. In order to better understanding, the coherence of Gaussian matrix is also calculated. We can see from Table 1 and Fig. 5 that the coherence of TM is close to Gaussian matrix and they have the similar distribution under different sampling points.
Numerical Simulations
Next, we verify the feasibly of the TM by numerical simulations. Two HR test images are generated by MATLAB 2015a, and they are used as the input object for CS reconstruction. The imaginary part of TM acts as the measurement matrix to reconstruct HR image. The reconstruction algorithm of CS is TVAL3. The original HR images own the spatial resolution of 32 × 32.
Figs. 6 and 7 show the simulation results. In order to evaluate the performance of TM objectively, peak signal to noise ratio(dB) is adopted, and PSNR is defined as PSNR = 10 × log 10 255 where M and N are the column and row numbers of an image, respectively. The image is 8 bit.
Here, M = N = 32. e(i , j) is the difference between the original HR image and reconstructed HR image. Tables 2 and 3 show the relationship between PSNR and the number of sampling points. From Figs. 6 and 7 and Tables 2 and 3 we can see that the measured TM can be used for CS reconstruction, and the performance of the TM is satisfied.
Experimental Results
In this section, we evaluate the proposed method by real experiments. Different with Section 3.1, the input objects are generated by SLM and they are phase objects. Fig. 8(a) is a phase object that owns the spatial resolution 32 × 32. Fig. 8(b) and (c) are the corresponding speckle patterns with the reference light are modulated by phase factor α = 0 and α = π/2. In the proposed super resolution imaging scheme, we choose m sampling points from CCD camera randomly (m < 1024).The sampling rate can be represented as m/1024. For example, in Fig. 8(d) , m = 400.
Next, we reconstruct real HR image under different sampling rates. "Two-step phase shift" technology converts the complex recovery problem to the traditional CS reconstruction issue. The number of sampling points are 200, 300, 400 and 500, respectively.
First, we generate three simple (more sparse) images as the input HR phase objects, as shown in Fig. 9(a) , (f), and (k). Fig. 9 (b) (g) and (l) are reconstructed HR images with the number of sampling points are 200. We can see that the outlines of the objects have already appeared, but the signal-to-noise ratio are relatively low. We then increase the number of sampling points. Fig. 9(e) , (j), and (o) are three reconstructed HR phase image with the number of sampling points are 500. Compared with Fig. (b) , (g) and (l), the performance of the reconstructed images have been greatly improved. Then, we further generate three more complex images as the input HR phase objects, as shown in Fig. 10(a) , (f), and (k). Fig. 10(d) , (i), and (n) are three reconstructed HR images with the number of sampling points are 400, namely, corresponding sampling rates are 39%. We can see that the proposed method can also reconstruct more complex images. The PSNRs of the reconstructed images are listed in the Table 4 . Table 4 shows the PSNRs of the reconstructed HR images. Compared with simluation results, the PSNRs of the experimental results are relatively low. The main reason is the noise in the system. In the next, our work will focus on the way how to improving the signal to noise ratio.
Conclusion
In this paper, we propose a parallel compressed sensing super resolution imaging system. A simple scattering sheet is used to act as the measurement matrix. Simluations and experimental results show that the transmission matrix of scattering sheet can be used for CS reconstruction. The propoded "two step phase shift" technology converts the complex phase recovery problem to traditional CS reconstruction issue. Experimental results show the feasibility of the proposed method. Next, we will study the way how to improve the signal to noise ratio of the reconstructed HR image.
